
PD~-PI-8 355 CHEMICAL DEPOSITION OF 5102 ON INP(U) AEROSPACE COJPP EL 1/1
SEGUNDO CA CHEMISTRY AND PHYSICS LAB
P A PFPTPRND ET AL 12 DEC 87 TR-8084(4945-06)-i

LINCL PSIFIED SD-TP-83-94 F84781-87-C-0084 F/G, 201 '±

EEEEEEEEEELEIl



L .C.
I A'

.2 5 -.. 4

LM.

MICROOPY ESOLTIONTESTCHAR

o".3. a ma .~ %
%- 2



J--7 7-7..

4 A

chemnical Deposition of SiO2 on IniP-,

P. A. BERTRAND and P. D. FLEISCHAUER
1-4 Chemistry and Physics Laboratory

4 L(aboratory Operations

The Aerospace Corporation

12 December 194

APPROVED FOR PUBLIC RELEASE;

DISTRIBUTION UNLIMITED

Prepared for

SPACE DIVISIONN AIR FORCE SYSTEMS COMMAND
Los Angeles Air Force Station

P.O. Box 929601, Worldway Postal Center
Los Angeles, California 9M00

- 4 02 27 C 52



Gob

This report was submitted by The Aerospace Corporation, 91 Segundo, CA
90245, under Contract No. F04701-83-C-0084 with the Space Division,N 0. Box

92940, Voridway Postal Center, Los Angeles, CA 90009. It was reviewid and

appoved for The Aerospace Corporation by S. Feuerstein, Director, Chemistry

md PbysIcs Laboratory. First Lieutenant Lawrence J. Zappone, SD/UIL, was

,the project officer for the M~ission-Oriented Investigation and Experimentation

(NDIl) program.

This report has been reviewed by the Public Affairs Office (PAS) and is

releasable to the National Technical Information Service (NTIS). At NTIS, it

will be available to the general public, Including foreign nationals.

This technical report has been reviewed and is approved for publication.

Publication of this report does not constitute Air Force approval of the

report's findings or conclusions., It is published only for the exchange and

stimulation of Ideas.

'Gwiece j t LtoseA Hes, G-5, Director
Proj ct OfWest Coast Office, Air Force

Space Technology Center



UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (IN" BOIS EaRere4

i READ INSTRUCTIONS* REPORT DOCUMENTATION PAGE BEFORE COKgPLETING FORM
REOTMeg" OF ON T ACCESSION NO. -3 RECPENT'S CATALOG NMBE:R

SD-TR-83-94 D____________

6. PERFORMING ORGa. REPORT NMBNER

TR-0084 (4945-06)-i

7. AUTHeaR~) 11. CONTRACT OR GRANT NUMSER(.)

P. A. Bertrand and P. D. Fleischauer 704701-83-C-0084

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROjECT. TASK
AREA & WORK UNIT NUMBERS

The Aerospace Corporation
El Segundo, California 90Z45

Ill. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Space Division 12 December 1983
Los Angeles Air Force Station 13. WNDMER OF PAGES

Los Angeles, California 90009 16
14. MONITORING AGENCY NAME & AODRESSQIf dilteftnI from Coar1of#01105 0th CO) IS. SECURITY CLASS. (of thui. report)

Unclassified

I~s. DaciASSIEFICATION/ OWNGRADING

II. DISTRIBUTION STATEMENT (of #hie Report)

Approved for public release; distribution urnlimited.

17. DISTRIBUTION STATEMENT (of ehe abotraet enterodin Aiock 20. lt Eittaait bourn Roe"or)

IS. SUPPLEMENTARY NOTES

IS. KIEY WORDS (Cometwou oun revere, oide It necesary~ ME IdMtI&' IV Nook muniler)

Insulator layers
Silicon orthopropoxide hydrolysis
X-ray photoelectron spectroscopy Q

K I.ASTRACT (Centaa -,a revees side It nooooeW dieuy by blc mother

* >Chemical deposition experiments vere performed to determine how surface
preparation and film deposition conditions Influence Insulator-semiconductor
Interface composition and chemical structure.' Silicon dioxide layers were
chemically deposited on indium phosphide by hydrolyzing silicon ortho-

-' propoxide. On unoxidized, etched surfaces, coverage was always patchy. On
In? with approximately one monolayer of chemisorbed oxygen ')In a hydrated-
phosphate-like environment, a continuous, )<-'0-thick S102 film was formed at

FORM

SECURITY CLASSIFICATION OF TIlS PAGE (nonI Dole Mutered)
IPA~e~... UNCLASSIFIED .



-NCL SIFIED
WCUmY CLASSIFICATION OP THIS PA@SfM Do& aft#*
IS. WEY SONS (Cenauowd)

ZM. ADSTRACT (Gnphood)"otlesbraehou'aou

"o-u teuperature. SiO2 attacheo to the substrate through about one monolayer
of Si-O-P bonds. Heating to 5OPC during hydrolysis resulted in a mixed
Si-In-P oxide, owing to simultaneous hydrolysis and oxidation processes

UNCLASSIFIED
- SGURTIy CLAWPICATIO O THIS PAORMb DOS 11M94)



NCLASSIFIED
59U~lV~ CLASSIFICATION OF THIS PA69(1ha boo =6a.

I.K Vy WORDS fc.Uhwaed)

NO. ASRCT Mthwd)

-izoo temperature. SiO attacheo to the substrate through about one monolayer
of SI-O-P bonds. HeatLig to 50C during hydrolysis resulted in a mixed
Si-In-P oxide, owing to simultaneous hydrolysis and oxidation processes

'1

UNCLASSIFIED
-S1CURIT CLASSIFICATION OF TIS PA*6flb" biS 21"-go

...ao'• ,, '::;"' ".-" "' "'.'" '' . .,.. .": ' 
'

"' "



CONTENTS

I. INTRODUCTION .* . ..... . . . . . . . . . . . . . . . . . . . ....... 5

II. INTERF ACE MDEL ........................... 7

REF REN ES ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... .. 23

DTIC AB

Distribution/

FEB27 W4 Availability Codes
U Di/stAvail and/or

Dint ]Special

.4o•



FIGURES

* 1. SiO2 film on InP that had previously been etched to
remove all native oxide........................................... 15

2. S0 2 film on InP prepared with room-temperature
hydrolysi ........................................................ 16

3. SiO2 film on InP prepared with 50C hydrolysis.................... 17

TABLES

I. IPS binding energies for InP ............... ................. . 13

II. Sanderson method atomic charges............................... 20

I

'1

3 |,R-wVOUS PAo-
a*,s ,-\, .



I. INTRODUCTION

Silicon dioxide is of increasing technological iupor~ance as a dielectric
in high-speed electronic devices based on indium phosphide. The chemical

characteristics (details of bonding and atomic arrangements) of the insulator-

semiconductor interface profoundly affect device electrical properties.1
- 3

The presence of many layers of native or mixed oxide at the interface causes

trap states and electrical instabilities such as C-V hysteresis.4 An ideal

interface structure is one in which only a single monolayer of oxygen forms a

"bridge" between the semiconductor and insulator phases without forming the true

native oxide. Such an interface, which should have better electrical proper-

ties than structures with native-oxide Interfacial layers, can be produced by

low-temperature depositions on clean (i.e., appropriately etched) InP sub-

strates. This report describes an oxide-deposition model, as well as x-ray

photoelectron spectroscopy results that support the model's prediction that a

thin, interfacial oxygen bridging layer is necessary for effective insulator-

semiconductor bonding. Further experiments are needed to determine how such a

layer affects interface electrical properties.
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AI. INTERFACE MODEL

The initial product in room-temperature oxidation of laP is approximately

one monolayer of oxygen attached to the surface phosphorus atoms and forming a

hydrated-phosphate-like surface layer.3 ,5 That layer forms after only a few

minutes' air exposure, and further oxidation to a nonstoichiometric mixture of

indium and phosphorous oxides with possibly some interfacial elemental P takes

place slowly or with heating.3 In many insulator deposition processes, such

as chemical vapor deposition of SiO2 on a heated substrate, oxidation of InP

occurs during the processing itself, producing a relatively thick mixed-oxide

layer with poor electrical properties. By eliminating the nonstoichiometric

mixed oxide and elemental P and bridging the gap between semiconductor and

insulator in only one monolayer (as appears to be the case in the Si-SiO2

system6 ), interface state density should be reduced.

A chemical bonding model for native oxides on III-V semiconductors
7

indicates that phosphides are a better substrate than arsenides for nonnative

oxide deposition in which native oxidation must be restricted to one mono-

layer. Phosphides have more covalent oxides than arsenides because terminal

O's on P can form donor-acceptor bonds with the cations. This reaction is

thermodynamically unfavorable for As-O bonds, so the native oxide on arsenides

has more ionic bonds. The structure of the native oxide of InP, for example,

is a diatomic analog of SiO 2 and should provide a good matching layer for SiO 2

deposition.

An acceptable experimental test of the need for a single oxygen-atom

bridging layer between InP and SiO2 requires that the semiconductor surface be

prepared, and the film deposited, with considerable care, to avoid excessive

native-oxide formation. A room-temperature chemical (solution) deposition

process was selected to provide the most benign oxidation conditions possible

and maintain control over the surface chemical reactions. SiS2 layers on InP

were produced by polymerizing and hydrolyzing silicon orthopropoxide. Similar

reactions have been used to produce mixed-oxide coatings on metals,$ as well

7
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as single-component coatings on gallium arsenide.9 A schematic representation

of the complex silicon orthopropoxide deposition and polymerization process on

UnP is provided in the folloving reaction scheme:

InP + 1/2 02 + H20 + InP(OH)2  (1)

InP(OH)2 + 2 Si(0C3H7 ) 4 * IOP[O-Si(OC3H7)3]2 + 2 C3H7OH (2)

InP[O-Si(OC3 R 7 ) 3 ] 2 + 2 H20 InP[O-Si(OC3H7)2OH]2 + 2 C3H7OH (3)

lnP[O-Si(OC3H 7)20] 2 + 2 Si(0C3 H7 ) 4 + InP[O-Si(OC3H7)2-O-Si(OC3H 7)3]2

+ 2 C3 H7OH (4)

InP[O-Si(OC3 H7 ) 2 -0-Si(OC3 1 7 ) 3 J 2 + 10 B20 + InP(O-Si0 2-0-Si0 3 ) 2

+ 10 C3 H7OH (5)

Reaction (1) represents the room-temperature chemisorption of oxygen and water

.on Inp to form a monolayer of a hydrated-phosphate-like compound, as observed

In x-ray photoelectron spectroscopy (XFS). Reaction (2) is the initiation

step of the alkoxide polymerization on the Inp surface, and reactions (3) and

(4) are the propagation steps of the polymerization. Reaction (5) is the

termination step, a final hydrolysis removing the remaining organic compo-

sents. The overall reaction can be pictured schematically as follows:

S i -, 0 S o ft -. S i S i o ,
I I I I

o HO OH OH 0 0 0 0

\ P\ / (6)
P p P

In in In In In In

8



The actual polymerization reactions are complex, vith many possible end-

product structures, and reactions (1) through (6) are intended only as an

Illustration of the process. Detailed studies of the polymerization have been

carried out for the analogous titanium alkyls.1
0

Conceptually, this sequence of reactions can produce a perfectly smooth,

unmixed interface between insulator and semiconductor. X-ray pbotoelectron

spectroscopy, combined with chemical-etch depth profiling, can determine

whether the Interface formed by such a process Is actually smooth and

unmixed. XPS can distinguish between oxidation states of elements, and

chemical-etch depth profiling causes less damage to the interface than

conventional ion sputter profiling.
1 1

9



III. EXPERIMENTAL

The InP samples were polished (100) faces of p-type, Zn-doped material

with a carrier concentration of less than 1 x 1018 cm- 3 . The InP contained a

Si impurity that was distinguishable from the Si in the deposited coating.

All other chemicals used were reagent grade. The coupons were cleaned vith

acetone and methanol before coating deposition. Etched coupons (10s dip in a

solution of 32 HF and 312 NH4F by volume in water) were rinsed in methanol and

kept covered with methanol during transfer to the coating solution, thus

minimizing unintentional oxidation of the surface, although not completely

eliminating it. 3 Some unintentional surface roughness might be produced by

this step.

The coating solution contained 42 silicon orthopropoxide by volume in
Isopropanol and 0.5 wt% NaOH. A basic solution induces orthopropoxide poly-

merization, which would otherwise be slow. The InP coupons were placed in the

coating solution and agitated for I min, then removed and allowed to hydrolyze

in a horizontal position in room air. Most hydrolyses were conducted at room

temperature, but one coupon was hydrolyzed on a hot plate at 50C.

The spectra were taken on a GCA-McPherson ESCA-36 x-ray photoelectron

, spectrometer equipped with an electrostatic analyzer and a position-sensitive

detector.1 2 Chemical depth profiling was carried out in a N2-filled glove bag

attached to the spectrometer. The coupon was dipped into the etching solution -

(0.32 HF and 3.1% NHOF by volume in water) for I sec, then removed immediately

and rinsed with methanol. The etch rate of the deposited S102 layers in this

solution was approximately 20 A/dip. After each dip the sample was inserted
Into the spectrometer for analysis. All binding energies reported have been

referenced to a C(ls) binding energy of 285.0 eV to compensate for sample

charging.
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IV. RESULTS

Initial experiments were conducted to determine the best preparation

procedure for obtaining unoxidized and partially (-I monolayer) oxidized

lnP. Semiconductor oxidation, reflected by the values of the XPS binding

energies In Table I, is determined by the etchant used to prepare the

surface.3 ,5 Hi2SO4 , HC1, and Br2 etches left some native oxide on the surface,

whereas an HF etch did not. Once the InP was etched free of native oxide with

buffered HF, it was either kept free of oxidation by being stored in methanol

or oxidized by exposure to ambient air to form approximately one monolayer of

chemisorbed oxygen and water prior to processing in the coating solution.

Although it contained NaOH, the coating solution used in these experiments did

not remove the native oxide that had been formed intentionally on the semi-

conductor surface. When, to avoid polymerization, the coating solution was

* rinsed off in the glove bag immediately after the coupon was removed from the

solution, a monolayer of phosphate remained on the surface.

TABLE I. XPS BINDING ENERGIES FOR InP

P(2p) (eV) In(3d51 2) (eV)

Treatment Substrate Oxide Substrate Oxide

HF etch 129.0 444.4

Concentrated H2SO4 etch 129.3 133.7 444.7

HCl etch 129.6 133.7 444.8

Br2 etch 129.2 133.5 444.5

RTa native oxide 133.6 444.5

Heavily oxidized 133.8 444.5 445.7

Si02-coated, 130.5 444.3
Era hydrolysis

St02-coated, 130.5 ",4.1 445.8
5001 hydrolysis

aRT = room-temperature.

13
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Coupons that had been etched in buffered HF before being inserted into

the coating solution did not form cohesive, uniform coatings. The SiO 2 formed

small patches on the surface, and no oxidized forms of P were observable at

the Si02-InP interface. Native oxide was present on the uncovered areas, as a

result of the uncovered InP oxidizing during the hydrolysis step. Since the

BF etch removed the native oxide, the uncovered areas were cleaned of oxidized

P and In after the first dip of the chemical depth profile. However, the

thicker patches of S1O2 were not entirely removed. Each subsequent etch re-

duced the area as well as the height of the SiO 2 patches, and a depth profile

with a nonabrupt Interfacial region resulted (Fig. 1). No interfacial native

oxide was observed during the depth profile. However, the area of the inter-

facial region available for analysis after each dip was small, probably only a

ring of thinner oxide at the edge of each thick SiO 2 patch, and the spectrom-
eter sensitivity might not have been high enough to observe the interfacial

oxide if it were present.

InP with a monolayer of chemisorbed 0 in a hydrated-phosphate-like

environment formed a uniform SiO 2 coating when treated with silicon ortho-

propoxide. The depth profile and representative spectra for a typical sample

are given in Fig. 2. The coating is thin (-60 A thick) and is entirely

SiO 2 . A small amount (41 monolayer) of a slightly oxidized form of P is

present at the Si02-InP interface. The P has a lover binding energy than the

original native oxide (Table 1), and therefore Is not as electron deficient.

The broad feature at about 104 to 105 eV in the 5-dip spectrum is caused by

the Si impurity in the InP.

Beating the coupon to 500C during hydrolysis resulted in a mixed-oxide

layer (Fig. 3). Oxidized In Is present in the surface layers (Table 1), and

the interface is much broader than for a room-temperature hydrolysis, although

the thickness of the film to approximately the same.

14
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V. DISCUSSION

The presence of a monolayer of chemisorbed oxygen at the InP surface is

clearly a crucial factor in the chemical deposition of SiO2 grown by silicon

orthopropoxide polymerization: a 60-A-thick film of Si02 forms with an 0-

bridge layer; without an 0-bridge layer, a continuous film does not form. In

addition, coating formation causes the environment of the interfacial P to

change. The P(2p) binding energy is lower for the P at the Si02-InP interface

('-130 eV) than for the original native oxide (133.6 eV). The lower binding

energy indicates that the P is in a much less electron-withdrawing environment

at the SiO2-InP interface than in the native oxide. The local environments

proposed in reactions (5) and (6) satisfy this condition, as the following

Sanderson method electronegativity arguments show.

The Sanderson method assigns electronegativities, or stability ratios

(SRs), to groups of atoms. The values are the geometric means of the

stability ratios of the elements forming the group. The charge on an atom in

a group can be calculated as the difference between the SR of the free atom

and that of the group, divided by a normalization factor. This method of

atomic-charge calculation yields values that agree well with XPS data for a

variety of compounds.
1 3

InP is a tetrahedrally bonded solid, in which each P has four In nearest

neighbors. At the surface, two of the neighbors are missing, and OH groups

can bond to the P in their place to form the hydrated-phosphate-like surface

of Eq. (1). After reaction with silicon orthopropoxide as in Eqs. (2) through

(5), the two OH groups are replaced by OSi groups. The stability ratios of OH

,* and OSi are 4.30 and 3.69, respectively, implying the much greater electron-

withdrawing power of the OR group. To calculate the charge on the interfacial

P, we used a simple model in which only the bonds that change are consid-

ered. Thus the local environments of interest are PIn2 (bulk InP), P(OH)2

(native oxide), and P(OSi) 2 (Si02 -coated InP). The calculated charges Qp are

listed in Table II.

S19 I S ,S mANI--
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TABLE II. SANDERSON W3THOD ATOMIC CHARGES

P(2p) binding energy (eV)

Treatment Qp Measured Calculated

BY etch -0.086 129.0

iWs native oxide 0.16 133.6

SiO2-coated, 0.058 130.5 130.1
W a'hydrolysis

aRT - room-temperature.

In general a linear correlation exists between the atomic charge calcu-

lated by the Sanderson method and XPS binding energies. 1 3 Using the calcu-

lated Qp's and the measured binding-energy values for InP and the native

oxide, we calculated the binding energy of interfacial P in SiO2-coated ImP

to be 130.1 eV, which agrees well with the measured value of 130.5 eV. This

result supports the proposed model of 8102 connection to In? through P-0-Si

bonds for the room-temperature oxides and thus the presence of a single

monolayer of bridging 0 atoms.

The high-temperature oxide, on the other hand, contains In-0 bonds

and P-0-SI bonds In the bulk of the oxide film, and has a broad oxide-

semiconductor interface. In this case, the hydrolysis reaction Is combined

with further, thermally enhanced oxidation of the semiconductor, resulting in

a mixed Si-In-P oxide. No true InP thermal oxide is present, as evidenced by

* the lack of a P 2p peak at 133.6 eV. The P in this oxide is thus coordinated

to Si through P-O-Si bonds in the bulk of the ixed oxide.

These experiments demonstrate how surface preparation and film deposition
conditions influence the resulting insulator-semiconductor interface composi-

tion and chemical structure. A single bridging layer of chemisorbed oxygen is

necessary for effective insulator-semiconductor bonding. In chemical deposi-

tion of 102 on InP, high-temperature hydrolysis produces a mixed oxide; room-

temperature hydrolysis produces a single-component oxide. In addition, the

20
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insulator-semiconductor interface is abrupt in the latter case, perhaps as

abrupt as one monolayer, which we suggest is because of a P-O-Si bridge layer

between the lnP and SiO2. High temperatures and other oxidation-promoting

conditions should be avoided when depositing nonnative Insulators on InP if

elimination of native or mixed oxides is desired. Benign deposition condi-

tions can lead to an abrupt interface that should lack the chemical and

structural defects that are Implicated as electron traps.

21

X.J



REFERENCES

1. G. J. Hughes, T. P. Humphreys, V. Montgomery, and R. H. Williams,
V Vacuum 31, 539 (1981).

2. G. P. Schwartz and G. J. Gualtieri, J. Vac. Sci. Technol..20, 674

(1982).

3. P. A. Bertrand, J. Vac. Sci. Technol. 18, 28 (1981).

4. J. F. Wager and C. W. Wilmuen, J. Appi. Phys. 53p 5789 (1982).

5 Do To Clark, To Fok, G. Go Roberts, and R. U. Sykes, Thin Solid Films

70 261 (1980).

6. T. Sugano, Surf. Sci. 98, 145 (1980).

7. G. Lucovuky, J. Vac. Sci. Technol. 19j2 456 (1981).

8. G. W. Stupian and P. D. Fleischauer, Appl. Surf. Sci. 9., 250 (1981).

9. P. A. Bertrand and P. D. Fleischauer, Thin Solid Films (in press).

10, R. L. Martin and G. Winter, J. Chem. Soc., 2947 (1961); N. N. Culinane,
S. J. Chard, G. F. Price, B. B. Mhliward, and G. Langlois, J. Appl.
Chem. j, 400 (1951); S. Minami and T. Ibhido, Technol. Rep. Osaka Univ.
3., 357 (1953).

11. P. A. Bertrand, P. D. Fleischauer, and Y. Song, J. Appl. Phys. 54, 1100

* (1983).

12. P. A. Bertrand, W. J. Kalinoweki, L. E. Tribble, and L. U. Tolentino,
Rev. Sdi. Instrum. (in press).

13. J. C. Carver, R. C. Gray, and D. M. Hercules, J. Am. Chem. Soc. 96, 6851
(1974).

23 "OU

.q~~~VO ,4K -*~~*%



LABORATORYT OPrAhIOhS

The Laboratory Operations of The Aerospace Corporation is conducting wper-

mental and theoretical Investigations necessary for the evaluation and Mplica-
tie of scientific advances to ne military space system. Versatility and

flexibility have been developed to a high degree by the laboratory personnel in
dealing with the many problems encountered in the ntion's rapidly developlg

apace systems. Expertise In the latest scientific developments is vital to the

accomplishement of tasks related to these problems. The laboratories that con-

tribute to this research are:

Aerophystes Laboratol: Launch vehicle and reentry aerodynamics aid beat
transfer. propulsion cheistry and fluid mechanics, structural mechanics, flight
dynamics; high-temperature thermosechanics, gas kinetics and radiation; rematch
in environmental chemistry and contamination; cv and pulsed chemical laser
development including chemical kinetics, spectroscopy, optical resonators sad
bem pointing, atmospheric propagation, laser effects and countemmeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactioms, atmo-
spheric optics, light scattering, state-specific chemical reactions and radia-
tie transport in rocket pluses, applied laser spectroscopy, laser chemistry,
battery electrochemistry, space vacuum and radiation effects on mterials, In-
brication and surface phenomena, thermionic emission, photosensitive materials
and detectors, atomic frequency standards, and bioenviroseental research and
monitoring.

.lectronics Research Laboratory: Microelectronics, Cs" low-molse and
powr devices, semiconductor lasers, olectrmnagnetic and optical propagation
phenomena. quantm electronics, laser communications, lidar, and electro-optice;
coamunicas;ion sciences, applied electronics, semiconductor crystal and device
physics, radioetric Imaging; lllimter-wave and microwave technology.

nfbr mation Sciences Research Office: Program verification, program trans-
lation, performance-sensitive system dosign, distributed architectures for
spacebornse computers, fault-tolerant computer systems, artificial intelligence,
and microelectronics applications.

Materials Sciences Laboratory: Development of new materials: metal stris
composites, polymers, end ney fom of carbon; component failure analysis end
reliability; fracture mechanics and stress corrosion; evaluation of materials in
space enviroment; materials performance In space transportation systems; aml-
ysis of systems vulnerability and survivability in enemy-induced enviroaments.

Specs Sciences Laboratory: Atmospheric and ionospheric physics, radiation
4" from the atmosphere, density and composition of the upper atmosphere, aurorse

and airglow; u netospheric physics, cosmic rays, generation and propagation of
. plaea waves in the magnetosphere; solar physics, infrared astronomy; the

effects of nuclear explosions, magnetic storems and solar activity on theSearth's atmosphere, ionosphere, and magnetosphere; the effects of optical,
electroemgnetic, and particulate radiations in space on space systems.
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